Abstract. Specific heat versus temperature curves for various pressures, or magnetic fields (or some other external control parameter) have been seen to cross at a point or in a very small range of temperatures in many correlated fermion systems. We show that this behavior is related to the possibility of existence of a quantum critical point. Vicinity to a quantum critical point in these systems leads to a crossover from quantum to classical fluctuation regime at some temperature T . The temperature at which the curves cross turns out to be near this crossover temperature. We have discussed the case of the normal phase of liquid Helium three and the heavy fermion systems CeAl3 and UBe13 in detail within the spin fluctuation theory, a theory which inherently contains a low energy scale which can be identified with T . When the crossover scale is a homogeneous function of these control parameters there is always crossing at a point. We also mention other theories exhibiting a low energy scale near a quantum critical point and discuss this phenomenon in those theories. There has been a surge of interest in correlated fermionic systems for last ten years. This has led to a recognition that the usual mean field or Hartree Fock description of interacting fermionic systems is not enough, in particular when the effective space dimension of the system is low or when the system is near a quantum phase transition due to the effects of characteristic low energy quantum fluctuations [1][2][3]. For example, systems near a metal insulator transition or near a magnetic instability, high temperature superconductors, heavy fermions and liquid 3 He, all show temperature dependence of their properties at low temperatures which differs from that expected in a normal Fermi liquid [4,5].
There has been a surge of interest in correlated fermionic systems for last ten years. This has led to a recognition that the usual mean field or Hartree Fock description of interacting fermionic systems is not enough, in particular when the effective space dimension of the system is low or when the system is near a quantum phase transition due to the effects of characteristic low energy quantum fluctuations [1] [2] [3] . For example, systems near a metal insulator transition or near a magnetic instability, high temperature superconductors, heavy fermions and liquid 3 He, all show temperature dependence of their properties at low temperatures which differs from that expected in a normal Fermi liquid [4, 5] .
One interesting observation which has drawn attention recently [6] is that in some systems the specific heat versus temperature curves cross at a point or at least within a very narrow regime of temperature, when they are plotted for various values of some external parameter (e.g. pressure, magnetic field). This was initially observed in 3 He by Brewer et al. [7] and has been seen later on, in a variety of systems ranging from systems close to metalinsulator transition to heavy fermions [8] [9] [10] . The variety of materials in which this phenomenon has been observed leads one to believe that there is some kind of universality in this behavior. In a recent publication, Vollhardt [6] has given a thermodynamic interpretation to this universality. The argument given there relies on a smooth crossover a e-mail: mishra@iopb.res.in between behavior of entropy at temperatures low compared to degeneracy temperature and the high temperature classical limit. As such, the question of why such crossings are prominently seen in systems with highly enhanced magnetic susceptibility or effective mass remains unanswered. Here we propose that the operative cause is the proximity to a quantum critical point. In quantum phase transitions, the coupling constant tunes the transition. For example, the Stoner Criteria, 1 − UN( F ) > 0 gives instability towards ferromagnetism. Similarly, 1 − Uχ 0 (Q) > 0 gives antiferromagnetic instability corresponding to wave vector Q and n 1/3 a H > 0.26 describes metal insulator transition due to Coulomb correlation as suggested by Mott (here the notations used are standard). These are essentially zero temperature transitions, however, in general, the transition temperature T c T F , the degeneracy temperature. Vicinity to a quantum critical point is usually marked by enhancement in the effective mass, and in spin or density (charge) response in a system at low temperatures. This in turn introduces a low energy scale, [11] which marks a crossover from quantum to a classical behavior in the temperature dependence of various physical properties. For example, in the vicinity of a ferromagnetic transition this scale is given by α(0)T F , where,
In most materials the abovementioned crossing of specific heat occurs near this crossover energy scale. This scenario is quite general and holds for transitions involving conserved (for example, the ferromagnetic) as well as 288 The European Physical Journal B nonconserved (the anti-ferromagnetic) order parameters. The examples discussed in the present work have been chosen to represent both of these order parameter fluctuations. We use the microscopic spin fluctuation theory [11, 12] to discuss the behavior in detail. In this theory, the system is considered near a magnetic instability. The temperature variation of various physical quantities is governed by transverse and longitudinal spin fluctuations. Though the actual transition does not take place, the effect of fluctuations is observable over a wide temperature range at low temperatures [11, 13] . This theory has the low energy scale (α(0)T F ) inherently built in it.
Consider first the case of liquid 3 He. It is a Fermi system with a degeneracy temperature of about 5 K. It has some interesting normal state properties. For example, it behaves like a dense classical liquid down to 0.5 K and like a degenerate Fermi liquid below 0.2 K. It has a large (nuclear) spin susceptibility, about 10 to 25 times the free Fermi gas or Pauli susceptibility χ P , depending on pressure. The coefficient of the linear term in specific heat is also large. Because of the largeness of spin susceptibility, the liquid can be regarded to be near a ferromagnetic instability within the spin fluctuation theory.
In the following we use some results from our earlier work [5, 11, 13 ] to discuss the crossing point in the specific heat curves. The spin fluctuation contribution to the free energy within the mean fluctuation field approximation (or quasi harmonic approximation) at temperature T for systems near a ferromagnetic instability is given by [13] ,
Here D(q, m) is the fluctuation propagator which is related to inverse dynamical susceptibility, χ 0 (q, m) is the free Fermi gas (Lindhard) response function, and λ is the fluctuation coupling constant. Considering only the thermal part of the integral and ignoring the zero point part, we perform the frequency summation and obtain,
where α(τ ) is the inverse of spin susceptibility in units of the Pauli susceptibility. The denominator and numerator in the argument of the arctan function are the real and imaginary part of the inverse RPA response function χ(q, ω). The wavevector q is given in units of Fermi momentum k F and the energy is in units of Fermi energy (τ = T /T F ). For a free Fermi gas γ = 1/2, δ = 1/12. The correction to the specific heat is given by, 
The function φ(y) is ln y − 1/2y − ψ(y) and ψ(y) is the digamma function where,
is related to the fluctuation self energy summed over frequency. It varies as 1/2y for y 1 and as 1/12y 2 for y 1. Clearly the calculation of specific heat correction involves the temperature dependence of spin susceptibility. A self consistent equation for the temperature dependence of α(T ) within one spin fluctuation approximation has been derived in [5, 11] . The result is,
For a finite α(0) there are two regions of temperature [11] . For τ < α(0), (which corresponds to y 1), one gets an enhanced Pauli susceptibility with standard paramagnon theory corrections, α(τ ) = α(0) + aτ 2 /α(0), where a turns out to be 0.44. At higher temperatures, α(0) < τ < 1, α(τ ) ∼ τ n with the exponent 1 ≤ n ≤ 4/3. This result for the susceptibility mimics the classical Curie Weiss behavior. Notice that even in a degenerate regime (τ < 1), the susceptibility for a Fermi system behaves like the one for a collection of classical spins. This behavior agrees well [11] with experimental results of Thompson et al. [14] . The parameter α(0)T F is the low energy scale which arises in the spin fluctuation theory naturally. The corresponding low temperature (τ ≤ α(0)) correction to the specific heat is,
The phase space integral reproduces the standard paramagnon mass enhancement result, τ ln α for ∆C. In the classical regime, α(0) ≤ τ 1, where the small y approximation holds and α(τ ) varies as τ, ∆C falls as 1/τ 2 and vanishes at higher temperatures.
The main point of the above discussion is that there are two regimes for specific heat similar to the regimes in the susceptibility variation. The behavior of the specific heat in these two regimes is qualitatively different. At low temperature there is an enhanced linear rise of specific heat correction with temperature leading to a peak and thereafter a slow fall as the temperature increases. The peak marks a transition from quantum to classical spin fluctuation regimes corresponding to one observed in the susceptibility behavior. Considered as a function of α(0)T F , the temperature dependence of specific heat is more revealing (see Fig. 1 ). The figure shows the calculated curves for various temperatures in the case of antiferromagnetic spin fluctuations (to be discussed later). The parameters correspond to those used for CeAl 3 . As seen in the figure, below a certain temperature T cr , specific heat decreases as α(0)T F increases, while above it the behavior is reversed. T cr clearly marks the crossing and is of the order of α(0)T F . Similar features have also been obtained for the ferromagnetic transition and seem to be generic to all systems which show crossing of specific heat curves. The spin fluctuation theory has only one parameter, that is, α(0)T F . The pressure or magnetic field dependence of quantities is realized through the dependence of α(0)T F on
